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Abstract 
Performances of the Bragg-edge transmission imaging at a compact accelerator-driven pulsed neutron source (pulsed 
CANS) are presented and evaluated. This technique is expected to be a new material analysis tool that can 
quantitatively visualize crystalline microstructural information inside a bulk material over large area with reasonable 
spatial resolution non-destructively. Therefore, it is expected that such new useful instrument should be installed at 
not only world-leading pulsed spallation neutron sources but also popular-priced CANS. For this reason, we 
evaluated and discussed the performances of the Bragg-edge transmission imaging at CANS for potential users. A 
coupled moderator is usually used to gain higher neutron flux at CANS. In such situation, quantitative imaging of 
crystal lattice strain and crystalline phase is not easy due to the low wavelength resolution. However, according to 
Monte-Carlo simulation calculation studies, it was found that an experimental setup using a decoupled moderator 
connected to a supermirror guide tube can solve this problem. On the other hand, in the situation using the coupled 
moderator, quantitative imaging of crystallographic texture and crystallite size can be carried out, but the Rietveld-
type data analysis software, RITS, is necessary to evaluate reasonably low statistics data measured at CANS. 
Furthermore, it was found that reasonable results can be obtained by the Bragg-edge transmission imaging with the 
RITS code at CANS, which are consistent with results of a high-performance neutron diffraction experiment with the 
Rietveld analysis at a world-leading pulsed spallation neutron source. This means the Bragg-edge transmission 
imaging is expected to be one of the most efficient crystallographic/metallographic analysis tools for CANS. 
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1. Introduction 
The Bragg-edge transmission imaging using a two-dimensional position-sensitive detector combined 
with the time-of-flight (TOF) method at a pulsed neutron source is expected to be a new material analysis 
tool that has different properties from SEM-EBSD, X-ray/neutron scattering and synchrotron radiation 
microtomography. This is because this method can non-destructively deduce crystalline microstructural 
information (crystal structure, crystalline phase, crystallographic texture (preferred orientation), 
microstructure (crystallite size) and crystal lattice strain) of a bulk material over large area (~ 10 cm) with 
reasonable spatial resolution (~ 100 μm) from the position-dependent Bragg-edge transmission spectra. 
Furthermore, this method can become a quantitative evaluation technique owing to a Bragg-edge analysis 
software such as RITS (Rietveld Imaging of Transmission Spectra) [1-3]. For these reasons, it was 
decided that the first pulsed neutron imaging instruments should be constructed at world-leading pulsed 
spallation neutron sources, J-PARC MLF in Japan, RAL ISIS in UK, ESS in EU and ORNL SNS in USA. 
Development activities of the Bragg-edge transmission imaging are typical examples of contribution 
methodology of a compact accelerator-driven neutron source (CANS). For example, at HUNS (Hokkaido 
University Neutron Source) in Japan, the Bragg-edge transmission spectroscopy/imaging has been 
developed [1], and exported to J-PARC MLF in Japan [2,4,5]. At the Bariloche LINAC in Argentina, the 
Bragg-edge transmission spectroscopy has been developed [6-8], and exported to RAL ISIS in UK [9,10]. 
Thus, CANS can contribute to the development of new neutron technologies, and export them to world-
leading neutron experimental facilities. Here, let us remember two main roles of CANS; not only 
promotion of such development activity for new neutron technologies (neutron engineering), but also 
promotion of utilization activity of various neutron experiments (materials science and industrial 
application). However, actually, the latter’s examples on the Bragg-edge transmission imaging are not so 
many although it has been already found by the first experimental demonstration at HUNS [1] that the 
Bragg-edge transmission imaging is also feasible at pulsed CANS. 
In this paper, we evaluate performances of the Bragg-edge transmission imaging at CANS in detail by 
using the data of the first quantitative texture/microstructure imaging experiment performed at HUNS [1]. 
In the discussion, we compare them with data of a high-performance neutron diffraction experiment and 
the Rietveld analysis performed at a world-leading pulsed neutron experimental facility, J-PARC MLF 
[11]. Furthermore, we also present a future plan for higher intensity/wavelength-resolution experiment at 
CANS, based on Monte-Carlo simulation calculation studies. By these items, the feasibility information of 
the Bragg-edge transmission imaging at CANS can be provided to potential users in detail. 
 
2. Specifications of a pulsed neutron transmission imaging experiment at HUNS 
In this section, we present the specifications of a pulsed neutron transmission imaging experiment at 
HUNS, which achieved the first quantitative texture/microstructure imaging with the RITS code [1]. This 
experiment was carried out under the severest conditions due to high spatial resolution (800 μm), namely, 
small pixel size causing low neutron counting. In other words, here, we present the specification 
requirements for quantitative imaging of crystalline structural information at CANS; neutron source, 
neutron transport and neutron TOF imaging detector. 
2.1. Neutron source 
HUNS is a pulsed cold neutron source based on the s-band 45 MeV electron linear-accelerator 
installed at Hokkaido University in Japan. Fig. 1 shows the specifications and the schematic view of 
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TMRA (target-moderator-reflector assembly) of HUNS. For neutron experiments, the Hokkaido 
University LINAC operates 1 kW (= 33 MeV × 33 μA) of the beam power, and the pulse width of the 
electron beam is 3 μs with the pulse repetition of 50 Hz. 
The neutron generation reaction used is the photonuclear reaction caused by bremsstrahlung of 
electrons. The target material is Pb. The total yield of fast neutrons emitted from the target material is 
about 1.6×1012 n/s. The high-energy evaporation neutrons are slowing down from the MeV region to the 
meV region through the neutron moderator. The neutron moderator used at HUNS is usually a coupled 
type moderator for neutron beam extraction of higher intensity [12]. The main moderator is 18 K solid 
methane (CH4) of 12 cm × 12 cm × t 5 cm, and the premoderator is polyethylene of 1.5 cm thickness. The 
neutron pulse width (FWHM of emission time of a certain wavelength neutrons emitted from the main 
moderator) is about 160 μs for neutrons of the 0.4 nm wavelength. This value is not so narrow because of 
the high-intensity type coupled moderator. The neutron reflector around the moderator consists of 
graphite with the dimensions of 80 cm × 80 cm × 80 cm. This volume was decided by a neutronic design 
based on a Monte-Carlo simulation calculation. 
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Fig. 1. Specifications and schematic view of Hokkaido University Neutron Source (HUNS). 
2.2. Neutron transport 
Fig. 2 shows the specifications and the schematic layout of the neutron beam-line geometry for this 
experiment. We put specimens and a neutron TOF imaging detector at the 6 m position apart from the 
main moderator surface. Therefore, the neutron wavelength band width was from 0.0 nm to 1.3 nm in 
case of the 50 Hz pulse repetition. All collimators setup at the beam-line were opened under the condition 
of the 10 cm × 10 cm square. Therefore, the umbra beam size was 10 cm × 10 cm, and so-called L/D (the 
collimator ratio) was 60 (± 0.5° beam angular divergence). The neutron flux at the sample/detector 
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Fig. 2. Specifications and schematic layout of the neutron beam-line geometry for this experiment. 
 
position was 8.6×103 n/cm2/s. The neutron wavelength resolution was 2.7% for neutrons of the 0.4 nm 
wavelength. 
2.3. Neutron TOF imaging detector 
We used a GEM (gas electron multiplier) detector [13] for this experiment. This is because our aim 
was an experiment with medium spatial resolution (~ 1 mm). The GEM detector is a type of a micro 
pattern gas detector (MPGD). The GEM detector used in this experiment contained two 10B coated GEM 
foils and one electron-amplifying GEM foil. The gas used was 70%Ar and 30%CO2 under the pressure of 
0.1 MPa. The pixel size (position resolution) due to the readout electrode was 800 μm × 800 μm. The 
detection area was 9.6 cm × 9.6 cm square composed of 120 × 120 pixels (14,400 positions). The 
detection efficiency was 15% for neutrons with the wavelength of 0.4 nm. The maximum neutron 
counting rate depending on the DAQ system was about 106 Hz (1 MHz). 
 
3. Experimental results and comparison with a high-performance neutron powder diffractometer 
In this experiment, under the experimental condition described in Sec. 2, we measured Bragg-edge 
transmission spectra at 14,400 positions of rolled/welded α-Fe plates of 6 mm thickness. In this section, 
firstly, we present and discuss features of Bragg-edge transmission spectra measured at short-pulsed 
CANS based on the coupled moderator. Furthermore, we present results of quantitative 
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texture/microstructure imaging with the Rietveld-type analysis (the RITS code), and also compare them 
with results of a high-performance neutron powder diffraction experiment with the Rietveld analysis at a 
world-leading pulsed spallation neutron source. 
3.1. Measured Bragg-edge transmission spectrum and its features 
Fig. 3 (a) shows incident/transmitted neutron spectra, and Fig. 3 (b) shows the neutron transmission 
spectrum derived from these two spectra (Fig. 3 (a)), measured by one pixel (800 μm × 800 μm area) of 
the GEM detector. The binning time width of the TOF analysis is 50 μs. The measurement time was 3.3 
hours for incident beam, and 5.0 hours for transmitted beam. The measured samples were rolled/welded 
α-Fe plates of 6 mm thickness. Therefore, a large Bragg-edge caused by {110} diffraction of the body-
centered-cubic (BCC) crystal structure was observed. On the other hand, the data statistics were quite low, 
about 4% of the statistics error, due to low counts of neutrons, less than 600 counts as shown in Fig. 3 (a). 
This is because of not only low neutron flux at HUNS (8.6×103 n/cm2/s) but also small pixel size (800 μm 
× 800 μm) and low detection efficiency (15% for cold neutrons) of the detector. 
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Fig. 3. Neutron spectra measured by one pixel with the TOF bin width of 50 μs. (a) Raw spectra of incident and transmitted neutrons. 
(b) Neutron transmission spectrum derived from the Fig. 3 (a) spectra. 
 
Furthermore, the broad neutron pulse effect due to the coupled moderator for higher neutron flux is 
discussed. Fig. 4 shows the data of Bragg-edge transmission spectra for cases of both high and low 
wavelength resolution, respectively. The data for the case of high wavelength resolution (Δλ/λ = 0.15% 
for cold neutrons) were measured at J-PARC MLF BL19 “TAKUMI” [14] at the 40 m position from the 
decoupled-poisoned moderator of JSNS (Japan Spallation Neutron Source) at J-PARC MLF. The data for 
the case of low wavelength resolution (Δλ/λ = 2.7% for cold neutrons) were measured by this presented 
experimental setup performed at the 6 m position from the HUNS coupled moderator. The samples were 
α-Fe plates in both cases. In the low wavelength resolution case, broad Bragg-edges were observed. 
Therefore, quantitative imaging of crystal lattice strain and crystalline phase is not easy for CANS using a 
coupled moderator. This is because correct decision of wavelength position of a Bragg-edge (strain 
analysis) or separation between Bragg-edges (crystalline phase analysis) is not easy. On the other hand, 
quantitative imaging of texture and crystallite size is not so difficult for such experimental setup because 
analyzed wavelength regions are far from Bragg-edges (transmission intensities between Bragg-edges). 
Thus, the data achieved from these experiments indicate that quantitative texture/microstructure imaging 
can be carried out easily for a coupled moderator at CANS. Incidentally, a methodology to perform 
quantitative imaging of strain and crystalline phase at CANS is presented in Sec. 4. 
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Fig. 4. Comparison of Bragg-edge neutron transmission spectra between (a) the high wavelength resolution case (0.15% for 0.4 nm 
wavelength neutrons) measured at J-PARC MLF BL19 “TAKUMI” and (b) the low wavelength resolution case (2.7% for 0.4 nm 
wavelength neutrons) measured by this presented experiment. 
 
Energy-selective (wavelength-resolved) neutron radiography also can be performed easily by this 
experimental setup. Fig. 5 shows wavelength-dependent neutron radiographs measured by this experiment. 
Two rolled α-Fe plates were set at the upper side in samples, and neutrons were transmitted along the 
normal direction (ND) of the rolled plates. One welded α-Fe plate was set at the lower side in samples, 
and neutrons were transmitted along ND of the plate. The welded zone was located along the center-line. 
The other welded α-Fe plate was set at the middle position in samples, and neutrons were transmitted 
along the rolling direction (RD) of the plate. Up to the Bragg cut-off wavelength (~ 0.4 nm), lower 
transmission values are distributed around the welded zone, caused by changes of texture and crystallite 
size due to the welding processing. It is known that such energy-selective neutron radiography can be 
related with the SEM-EBSD results complementarily [15]. Thus, at CANS, even if quantitative crystalline 
microstructural information imaging combined with the Rietveld-type data analysis is difficult, the 
energy-selective neutron radiography can be performed easily, and can contribute to materials science. 
3.2. Quantitative visualization of texture and microstructure with the Rietveld-type data analysis 
For quantitative imaging of texture and crystallite size, we analyzed all Bragg-edge transmission 
spectrum data for every pixel by using the RITS code. The results of the imaging were already presented 
in Ref. [1]. We were successfully able to obtain reasonable images on texture and crystallite size with the 
reasonable spatial resolution of 800 μm although we carried out this experiment under the condition of 
quite low neutron counting, as shown in Fig. 3. Owing to the data analysis software “RITS”, we can 
correctly evaluate crystalline microstructural parameters of the samples at HUNS because the profile 
(curve) fitting analysis is applicable to low statistics data at CANS. In other words, the RITS code is 
reactive for low statistics data, and is useful for experiments at CANS. 
3.3. Comparison with a neutron diffraction experiment at a huge pulsed spallation neutron source 
Furthermore, we compared the Bragg imaging results with results obtained by a high-performance 
neutron powder diffractometer installed at a huge pulsed spallation neutron experimental facility. The 
pulsed neutron powder diffractometer was iMATERIA at J-PARC MLF BL20 [16]. The Rietveld analysis 
software was Z-Rietveld developed at J-PARC MLF [17]. During the diffraction experiment, the power 
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Fig. 5. Wavelength-dependent neutron radiographs measured by this experiment. 
 
of the J-PARC proton accelerator was 120 kW although the full power is 1 MW, and the neutron yield of 
JSNS was 104 times higher than that of HUNS. The moderator of BL20 was the decoupled-poisoned 20 K 
supercritical 100% para-H2 moderator. 3Qc supermirror guide tube of 14 m length was installed. The 
distance from the moderator to the sample was 26.5 m, and the distances from the sample to the detectors 
were 2.0 ~ 2.3 m. The high-resolution backscattering detector bank was used. The resolution of crystal 
lattice plane spacing was 0.16%. The measurement time was 30 minutes for one irradiation. One 
irradiation can investigate only one position in a sample. In this diffraction experiment, the same samples 
as the Bragg imaging experiment at HUNS were measured, which is already presented in Sec. 3.1 and 3.2. 
Fig. 6 shows results of the comparison between the Bragg-edge transmission imaging with the RITS 
code at HUNS and the diffraction with the Z-Rietveld code at J-PARC MLF BL20 “iMATERIA”. Both 
of the results (texture degree and crystallite size) for any samples’ position/direction were corresponded 
within the analysis error. Correctly, only for crystallite size, 1.55 times larger values of the diffraction 
analysis can correspond with the results of the Bragg-edge analysis. We guess this difference is caused by 
neutron wavelength resolution. Higher resolution can sharpen a diffraction peak, and can weaken the 
extinction effect. For the crystallite size analysis, both codes use the extinction effect caused by re-
diffraction of neutrons inside a crystallite. Therefore, the high-resolution diffraction experiment evaluated 
smaller extinction effect and finer crystallites than the low-resolution Bragg imaging experiment. 
Thus, the Bragg-edge transmission imaging at CANS can give the reasonable data with high precision, 
which is consistent with a high-performance neutron powder diffractometer installed at a world-leading 
pulsed spallation neutron source. In other words, the Bragg-edge transmission imaging is expected to be 
one of the most efficient crystallographic/metallographic analysis tools for pulsed CANS. 
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Fig. 6. Results of the comparison between the Bragg-edge transmission imaging with RITS at HUNS and the diffraction with Z-
Rietveld at J-PARC. (a) Degree of crystallographic anisotropy, indicated by the March-Dollase coefficient. (b) Crystallite size. 
4. Future prospect toward quantitative imaging of strain and crystalline phase at CANS 
Due to the low wavelength resolution of a coupled moderator for higher low-energy neutron yield at 
CANS, quantitative analysis/imaging of strain and crystalline phase using the Bragg-edge transmission 
imaging is not easy for CANS. On the other hand, in case of a decoupled moderator use, the higher 
wavelength resolution can be achieved, but the neutron flux becomes weaker than the coupled moderator 
case. Therefore, we considered an experimental setup using a supermirror guide tube for efficient neutron 
beam transport, combined with the decoupled moderator. Hereafter, we discuss effects of such 
experimental setup at CANS by using a Monte-Carlo neutron transport simulation code, McStas [18]. 
Fig. 7 shows a schematic layout for the simulation. This geometry is a reasonable beam-line design at 
HUNS. The sample/detector position was the 6 m position apart from a decoupled hydrogen moderator. 
At the just center position of the whole beam-line, a 3.65Qc supermirror guide tube of 4 m length was set. 
The open area of the tube was 10 cm × 10 cm square. In the simulation, we evaluated wavelength 
resolution (sharpness of a Bragg-edge) due to the decoupled moderator, neutron flux complement due to 
the supermirror guide tube, and increase of beam angular divergence due to the supermirror guide tube. 
Fig. 8 (a) shows sharpness of a Bragg-edge which will be measured by the experimental setup as 
shown in Fig. 7. The result is presented together with the Δλ/λ = 2.7% data of the coupled CH4 moderator 
setup at HUNS (the neutron flight path length was 6 m), and the Δλ/λ = 0.35% data of the decoupled 
supercritical 100% para-H2 moderator setup at J-PARC MLF BL10 “NOBORU” [19] (the neutron flight 
path length was 14 m). According to Fig. 8 (a), at CANS, a sharp Bragg-edge can be observed owing to 
the decoupled moderator, and the wavelength resolution of 0.8% can be achieved. This value is not so bad 
for the strain/phase analysis of the Bragg-edge transmission spectroscopy. 
Fig. 8 (b) shows a result of the neutron flux recovery owing to the supermirror guide tube. In case of 
only the decoupled hydrogen moderator, the neutron flux becomes quite weak, about 10% intensity of the 
coupled hydrogen moderator. In case of the decoupled moderator setup combined with the supermirror 
guide tube, the neutron flux can increase up to 150% intensity of the coupled moderator. The better 
intensity complement is expected in the methane moderator case than the hydrogen moderator case. 
Finally, Table 1 shows change of the beam angular divergence before/after setting of the supermirror 
guide tube, with information of its corresponding L/D value. After the set of the supermirror guide tube, 
the beam angular divergence increases, but is not so bad. This is because the 1 mm spatial resolution, 
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reasonable value for quantitative crystalline microstructural information imaging using the Bragg-edge 
transmission spectroscopy, can be achieved for a several-mm thickness sample directly coupled with an 
imaging detector (no distance between the sample and the detector). Thus, owing to the decoupled 
moderator setup combined with the supermirror guide tube, quantitative imaging of not only texture and 
microstructure but also strain and crystalline phase will be reasonably performed at pulsed CANS. 
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Fig. 7. Schematic layout of the McStas simulation for a higher wavelength resolution experiment at HUNS/CANS. 
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Fig. 8. (a) Sharpness of a Bragg-edge due to the decoupled moderator setup. (b) Gain of the decoupled hydrogen moderator setup 
combined with/without a supermirror guide tube. The gain means the ratio to intensity of the coupled hydrogen moderator. 
 
Table 1. Comparison of beam angular divergence before/after setting of the supermirror guide tube. 
 Beam angular divergence 
Without supermirror guide tube ± 0.5° (L/D ~ 60) 
With supermirror guide tube ± 2.4° (L/D ~ 12.5) 
5. Conclusion 
We evaluated and discussed performances of the Bragg-edge transmission imaging at a compact 
accelerator-driven short-pulsed neutron source in order to indicate the detailed feasibility of this new 
useful technique at a popular-priced facility for industrial use. A coupled moderator is usually used to gain 
higher beam intensity. Therefore, quantitative imaging of strain and crystalline phase is not easy due to 
broad Bragg-edges. For this problem, it was found that a high wavelength resolution experimental setup 
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using a decoupled moderator connected to a supermirror guide tube is effective, according to the Monte-
Carlo simulation calculation based neutronic studies. 
Even if the coupled moderator is used, quantitative imaging of crystallographic texture and 
microstructure (crystallite size) can be achieved. The important matter to analyze low statistics data is to 
use the data analysis software that can perform the profile (curve) fitting toward experimental data, like 
the Rietveld-type data analysis software, RITS. Furthermore, such software can provide quantitative data 
that are consistent with results of a high-performance neutron diffractometer at a world-leading pulsed 
spallation neutron source. Thus, the Bragg-edge transmission imaging is expected to be one of the most 
efficient crystallographic analysis tools for a compact accelerator-driven short-pulsed neutron source. 
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